Sedimentary rocks deposited across the Proterozoic-Phanerozoic transition record extreme climate fluctuations, a potential rise in atmospheric oxygen or re-organization of the seafloor redox landscape, and the initial diversification of animals 1, 2 . It is widely assumed that the inferred redox change facilitated the observed trends in biodiversity. Establishing this palaeoenvironmental context, however, requires that changes in marine redox structure be tracked by means of geochemical proxies and translated into estimates of atmospheric oxygen. Iron-based proxies are among the most effective tools for tracking the redox chemistry of ancient oceans 3, 4 . These proxies are inherently local, but have global implications when analysed collectively and statistically. Here we analyse about 4,700 iron-speciation measurements from shales 2,300 to 360 million years old. Our statistical analyses suggest that subsurface water masses in mid-Proterozoic oceans were predominantly anoxic and ferruginous (depleted in dissolved oxygen and ironbearing), but with a tendency towards euxinia (sulfide-bearing) that is not observed in the Neoproterozoic era. Analyses further indicate that early animals did not experience appreciable benthic sulfide stress. Finally, unlike proxies based on redox-sensitive tracemetal abundances 1, 5, 6 , iron geochemical data do not show a statistically significant change in oxygen content through the Ediacaran and Cambrian periods, sharply constraining the magnitude of the end-Proterozoic oxygen increase. Indeed, this re-analysis of tracemetal data is consistent with oxygenation continuing well into the Palaeozoic era. Therefore, if changing redox conditions facilitated animal diversification, it did so through a limited rise in oxygen past critical functional and ecological thresholds, as is seen in modern oxygen minimum zone benthic animal communities [7] [8] [9] . Proxies such as iron-speciation chemistry record the redox state of local water masses immediately above accumulating sediments. Decades of work on the behaviour of iron in marine sediments underpin the observation that enrichments in total (Fe tot ) and highly reactive (Fe hr ) iron phases track water-column redox conditions (Fe hr refers to iron in pyrite plus iron that is reactive to sulfide on early diagenetic timescales) 3, 4 . This robust calibration permits the differentiation between oxic and anoxic water columns, as well as whether anoxic waters were iron-or sulfide-bearing (this calculation is based on the proportion of highly reactive iron that has been converted to pyrite, Fe pyr ).
Early studies of iron speciation in Proterozoic shales supported the prediction 10 of euxinia in subsurface waters of Mesoproterozoic oceans and further suggested deep-ocean oxygenation late in the Neoproterozoic era 11, 12 . However, and perhaps not surprisingly, a more complex and heterogeneous pattern of Earth surface evolution emerged as additional studies increased temporal and spatial coverage. For example, marine strata deposited about 1,500 million years (Myr) ago from different localities show evidence of euxinic, ferruginous and oxic basins 11, 13, 14 . Similarly, Ediacaran deep-water sediments in
Newfoundland indicate oxygenation at 580 Myr ago 12 , yet coeval deep-water deposits in the Canadian Cordillera show an increasing prevalence of anoxia 15 , or no change at all 16 . Such regional heterogeneity is expected given local controls on water-column redox, and highlights the fact that iron-speciation analyses of a single section or basin cannot be extrapolated to the global ocean.
Palaeontologists have long contended with an analogous problem: how to infer global diversity through time from fossil assemblages in local stratigraphic sections. The solution was to treat tabulated data within a global statistical framework 17 . Following this template, we have developed a data set of about 4,700 new and published iron-speciation measurements from fine-grained clastic rocks with which to test hypotheses of global redox change in Proterozoic/Palaeozoic oceans and the potential links to animal evolution. Importantly, local proxy data in a global framework can track both the mean and variance of palaeoenvironmental conditions through time. In addition to compiling data spanning the Great Oxidation Event (GOE, around 2,300 Myr ago) through the end-Devonian period, we provide 842 new analyses from Russia, northwestern Canada, Mongolia, Namibia, Svalbard, East Greenland and the western United States (Supplementary Table 2 ), focusing on Neoproterozoic and Cambrian strata.
Time-binned analysis of the entire data set begins with the most basic distinctions: geographic region and depositional environment (inner shelf, outer shelf, and basinal; following refs 11, 15) . We note that the basinal environment does not represent true deep-ocean depths in a modern oceanographic sense, but rather the deepest environments represented by sediments deposited during maximum flooding; 'basinal' therefore refers to a recognizable and consistent sub-wave base environment that has been used to track deeper-water redox conditions through time (see Supplementary Information). To test for statistically significant differences, data were compared using analysis of variance (ANOVA) and Kruskal-Wallis tests depending on normality of the data. Post-hoc Tukey-Kramer tests (a 5 0.05), pairwise Wilcoxon tests and Steel-Dwass tests were applied to explore significant differences between time bins (see Supplementary Information for binning rationale and sensitivity analyses).
We first investigated the proportion of anoxic water columns through time. It has been hypothesized that a major oxygenation event occurred around the Proterozoic-Phanerozoic transition, oxygenating the world's deep oceans and facilitating Cambrian animal diversification. This idea has been bolstered by redox-sensitive trace-metal abundance data, which show evidence of increasing oxygen levels 1, 5, 6 , although the timing and magnitude remain poorly resolved 1, 2 . Aggregated iron-speciation data provide an informative complement to global trace-metal data. Since the redox state of basinal water masses has traditionally been used as a proxy for the overall oceanatmosphere system, and shallow-water samples are rare and heterogeneously distributed through time (Supplementary Table 1 ), this analysis includes only samples from outer shelf and basinal environments. The proportion of samples probably deposited beneath an anoxic water column (Fe hr /Fe tot . 0.38) 3 was calculated for each region, and the mean and standard error were determined for each time bin. In contrast to trace-metal data, analysis of iron-speciation data does not show a significant change in the proportion of anoxic water columns from the Proterozoic into the early Palaeozoic (ANOVA F 4 , 52 5 0.78, P 5 0.54; Kruskal-Wallis x 2 5 3.30, P 5 0.51) ( Fig. 1a and Supplementary Table 4), which is consistent with qualitative observations in a previous compilation 15 . Iron speciation more robustly identifies anoxia as opposed to oxic conditions, because Fe hr enrichments can be muted during rapid deposition or in pervasively anoxic oceans where mass-balance requirements may not result in modern-like iron enrichment. Nonetheless, the proportion of oxic samples (using a conservative threshold of Fe hr /Fe tot , 0.22) 3 was tested, and again no significant differences were found (Supplementary Table 4 ). This result raises a number of questions that we discuss below, ranging from diagnosing the nature of basinal anoxia to reconciling the seemingly divergent results between trace-metal geochemistry and our database analysis.
To assess the nature of anoxic waters through time we focused on samples from deeper-water environments with Fe hr /Fe tot . 0.38. The average proportion of ferruginous samples between 2,300 Myr ago and 1,000 Myr ago is 0.59 (the balance being euxinic), consistent with recent arguments that basinal waters through the middle of the Proterozoic were predominantly ferruginous 3, 13 (the effect of subdividing the Proterozoic using a shorter time bin of 1,600-1,000 Myr ago was also tested; Supplementary Table 4 ). In fact, anoxic waters throughout the Proterozoic and Palaeozoic are more likely to be ferruginous than euxinic. However, real differences exist between time bins (Kruskal-Wallis x 2 5 13.9, P 5 0.008). Specifically, the late Palaeoproterozoic/Mesoproterozoic bin is more likely to capture euxinic conditions than the early Neoproterozoic, Ediacaran and Cambrian intervals, where the proportion of ferruginous samples approaches unity. The Ordovician-Devonian then marks a return to limited euxinia that is statistically distinct from the Neoproterozoic bins (Fig. 1b) . Our analyses thus demonstrate that although a globally euxinic deep ocean 10 did not exist, Mesoproterozoic oceans were statistically more prone to euxinia than those of the Neoproterozoic.
We further estimated sedimentary sulfide generation through Earth's history. This property cannot be measured directly, but can be evaluated indirectly, because sulfide generated within sediments will bond with reactive iron to form pyrite. Hence, reactive iron acts as an effective sulfide sink, meaning that sulfide accumulation in pore waters and advective fluxes into marine waters-the free sulfide that would influence local animal ecology-will only occur in settings where most, if not all, highly reactive iron has been pyritized 18 . Thus, for shale deposited in oxic environments, pyrite contents broadly serve as a metric for total sulfide generation, and only environments with Fe pyr /Fe hr . 0.70 could have contained high levels of pore-water sulfide.
Analyses of the weight per cent iron in pyrite from oxic sediments (Fig. 1c) show an inverted pattern from Fig. 1b , with higher pyrite contents in the late Palaeoproterozoic/Mesoproterozoic bin, very low contents in the Neoproterozoic and Cambrian, and higher contents again in the Ordovician-Devonian (Kruskal-Wallis x 2 5 25.44, P , 0.0001; Supplementary Table 4) . The Neoproterozoic captures a minimum in pyrite preservation that is about five times smaller than in modern oxic samples 19 . Similar results are seen for the proportion of oxic samples with inferred high levels of pore-water sulfide (Supplementary Table 4 ). It is worth emphasizing that the outlier is the Neoproterozoic-whether in the water column or the sediments, far more sulfide was generated in Mesoproterozoic and Palaeozoic basins.
These results have important implications for the physiology and oxygen tolerance of early animals, which probably began to diverge about 800 Myr ago 20 . From observations in modern oxygen minimum zones 21 and experiments on sponges 22 , it has been suggested that early animals would have tolerated the low-oxygen conditions believed to characterize the Neoproterozoic era. With oxygen partially removed as a handbrake on earliest animal evolution, other inhibitors such as ambient sulfide 23 should be considered. Sulfide is a synergistic stressor in low-oxygen conditions because it binds to cytochrome oxidase and consequently inhibits aerobic respiration, lowering survival times under conditions of hypoxia 24 . But in contrast to some modern oxygen minimum zones where sulfide often reaches the sediment-water (14) (12) (14) (10)
Outer shelf and basinal environments (n = 3,988) 21, 22 . Continued research on other proxies for the partial pressure of oxygen, p O2 , will also help to place more precise constraints on early animal ecosystems 25 . These results raise the question of whether observed trends reflect biases in the data set, as there are known caveats when interpreting iron-speciation data, most prominently including the effects of weathering and diagenesis 3, 4, 15 (Supplementary Information). However, as long as the data are sufficiently numerous, and geological and analytical biases are randomly distributed with respect to time, these processes will not affect our results (see ref. 26 regarding analogous errors in palaeobiological data). The impact of random and systematic error can be tested with resampling and sensitivity analyses. Sensitivity analyses excluding possibly inappropriate samples and regions of low data coverage, and a further analysis using only Mesoproterozoic (1,600-1,000 Myr ago) samples for the oldest time bin, are consistent with results from the entire data set (Supplementary Table 4 ). Further, in synthetically re-sampled data sets, the Cambrian distribution of anoxic samples is indistinguishable from the Ediacaran distribution ( Supplementary Fig. 2 ). To test whether inappropriate binning may contribute to the invariance in Fig. 1a , data from each region from the interval of 800-360 Myr ago were plotted individually with respect to time (Fig. 2) . Although there is clear spatial heterogeneity (as in the modern ocean), there are no apparent 'oxygenation events', and a linear regression is not significant (P 5 0.45; see also a local regression (LOESS) of geographically unbinned data, Supplementary Fig. 1 ).
It has been argued that trace metals in anoxic shales capture the spatial contraction of basinal anoxia across the Ediacaran-Cambrian transition 1, 5, 6 , probably driven by increasing atmospheric p O2 . To evaluate the consistency between iron-speciation and trace-metal results, we re-analysed a well vetted sedimentary uranium data set 6 using statistical methods similar to those employed in the iron analyses, although lower data density precludes a basin-normalized approach. The maximum ratios of metals to total organic carbon (TOC) are often taken as a guide to the metal inventory in ancient seawater; however, without a priori knowledge of basin restriction and secondary mineralization or local redistribution for each sample 1, 27 , statistical approaches based on the entire population of data are appropriate.
When anoxic, organic-rich shales (TOC . 0.4%) are binned into Neoproterozoic, Cambrian-Silurian and Devonian-Permian domains, uranium/TOC significantly increases with younger age (KruskalWallis x 2 5 75.53, P , 0.0001; all pairwise Wilcoxon tests P , 0.0001; see Supplementary Table 5 ). The Devonian-Permian time bin contains a much higher number of enriched outlier values relative to the Cambrian-Silurian time bin (Supplementary Fig. 3 ). Thus, while the uranium/TOC record does show a punctuated increase in oxygenation at the Ediacaran-Cambrian boundary, it is also consistent with iron geochemical data (Fig. 1a) that suggest that full oxygenation of the oceans did not occur until later.
The question then becomes the magnitude of oxygenation implied by the iron and trace-metal data sets. Recent models indicate that relatively subtle changes in seafloor anoxia and the proportion of the sea floor that was ferruginous rather than euxinic will lead to dramatic changes in seawater trace-metal inventories, and by inference, tracemetal enrichments in shales 1, 5, 6, 28 . Trace-metal enrichments thus respond to the total size of anoxic sinks, whereas the binned iron data are tracking the percentage of sediments sampled in the stratigraphic record bathed by anoxic waters. As large changes in anoxic sink size can manifest as small shifts in the percentage of anoxic sea floor, we propose that trace-metal abundances and the binned iron-speciation records are complementary but have different thresholds; that is, binned iron data require a larger change in global oxygen to record a statistically significant (see above) signal.
Although absolute values of p O2 in the geological record are notoriously difficult to track, the iron-speciation database results constrain the magnitude of the latest Proterozoic p O2 increase indicated by trace-metal compilations. Canfield 10 earlier posited that at atmospheric p O2 v30À40% PAL (Present Atmospheric Level), deeper water masses tend towards anoxia, albeit dependent upon phosphorus fluxes. Although this was intended to constrain oxygen levels before Ediacaran oxygenation, it also provides an upper bound on Cambrian p O2 , given the lack of statistical change through time. The distribution of animals in modern oceans 8, 29 suggests that the Cambrian metazoans recorded by fossils required oxygen levels above about 10% PAL, but not much more than that, given that equally large, mobile and skeletonized animals live at and even below this level in the modern ocean 8, 29 . The combined constraints from iron-speciation and palaeontological data are therefore consistent with molybdenum isotope data 28 , global sedimentary sulfate reduction rates 30 , uranium/TOC 6 (Supplementary Table 5 ) and some models of atmospheric oxygen through time 31 . All offer evidence that oxygenation of the oceanatmosphere system to essentially modern levels and a persistently oxygenated deep ocean is in large part a post-Cambrian phenomenon, as has been separately hypothesized for black shale distribution 32 . Overall, these analyses imply a modest increase in oxygen during the Ediacaran and Cambrian (Fig. 3) .
This evolving picture of Earth's redox state would seem to diminish the impact of oxygen as a causal factor in Cambrian animal radiation. Observations from modern oxygen minimum zones, however, suggest that a small increase in p O2 could still be a critical environmental trigger owing to nonlinear threshold effects at very low oxygen levels. Many important ecological responses for macrofaunal organisms, including feeding efficiency 9 , species-level diversity 8 , and carnivore abundance and species richness 7 exhibit threshold changes in the range of 5-20 mM oxygen, or ,2-7% of modern surface ocean oxygen concentrationsresults that are strikingly similar to the changes accommodated by this analysis. Thus, a relatively small increase in p O2 could reasonably have moved animals past critical ecological thresholds, especially with respect to carnivory 7 , which might have driven Cambrian diversification. It remains possible, though, that sufficient oxygen for large, muscular carnivores existed before the Cambrian (Fig. 3) . The critical question is whether oxygen availability before the Ediacaran-Cambrian transition was in the ,1-5% PAL range (at which modern animal ecology is severely limited), or higher. 
LETTER RESEARCH
Coupled with other geochemical data, our global database of iron-speciation measurements provides an increasingly resolved and quantitative picture of redox evolution in Proterozoic and Palaeozoic oceans. These data point to proportionally higher basinal euxinia in Mesoproterozoic and younger Palaeozoic basins, with sediment and water-column sulfide generation reaching a minimum in the Neoproterozoic oceans. Ediacaran oxygenation was relatively modest, but may have been sufficient to remove environmental barriers to Cambrian animal evolution. Future sedimentary geochemical sampling of both iron and redox-sensitive trace-metal data will increase temporal resolution and the power of inference tests, with statistical analysis in a basin-normalized context providing more robust hypotheses of deep-time global change. Oxygen constraints include: (1) persistently anoxic subsurface waters requiring less than 40% PAL 10 (iron-speciation data for the OrdovicianDevonian is not statistically different from that of previous time bins, but data are sparse and may be subject to sampling biases-see Supplementary Information); (2) a minimum oxygen level of ,0.5-1% PAL, required for the appearance of mass-dependent sulfur isotope fractionation, red beds, and the earliest animals 1, 21 , although oxygen levels before ,810 Myr ago may have been lower 25 ; (3) oxygen levels exceeding 10% PAL 8, 29 , required by the Cambrian biota; and (4) oxygen levels must have exceeded 70% PAL in the latest Silurian, as deduced from the presence of fires 33 . Within these constraints, oxygenation could have followed many different paths, but full oxygenation of the ocean-atmosphere system is a Palaeozoic phenomenon. Ediac., Ediacaran; Cryo., Cryogenian; C., Cambrian; O., Ordovician; S., Silurian; Dev., Devonian.
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